Solids containing an extended network of free radicals have been prepared and studied by magnetic resonance techniques in the 4-290 K temperature range. One solid contained additionally a small amount of magnetic γ-Fe 2 O 3 in the form of nanoparticle agglomerates. The solid without agglomerates displayed only a narrow, single resonance line centered at = 2 0043. The magnetic resonance measurements of the solid with γ-Fe 2 O 3 agglomerates gave a spectrum composed of two lines attributed to two different magnetic centers: a narrow line due to free radicals and a broad line arising from magnetic iron oxide agglomerates. In the high temperature range the integrated intensities of both lines decreased with decreasing temperature. The resonance field of the broad line shifted to lower magnetic fields upon lowering the temperature with the gradient ∆H /∆T = 2 3 G/K, while the narrow line shifted towards higher magnetic fields. The linewidth of the broader line increased with decreasing temperature while for the narrow lines in both samples this change was small. The magnetic iron oxide clusters produce a magnetic field which acts on the free radicals network and its strength depends essentially on the concentration of clusters. The reorientation process in the free radicals network is more intense in the sample without magnetic clusters. 
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Solids containing an extended network of free radicals have been prepared and studied by magnetic resonance techniques in the 4-290 K temperature range. One solid contained additionally a small amount of magnetic γ-Fe 2 O 3 in the form of nanoparticle agglomerates. The solid without agglomerates displayed only a narrow, single resonance line centered at = 2 0043. The magnetic resonance measurements of the solid with γ-Fe 2 O 3 agglomerates gave a spectrum composed of two lines attributed to two different magnetic centers: a narrow line due to free radicals and a broad line arising from magnetic iron oxide agglomerates. In the high temperature range the integrated intensities of both lines decreased with decreasing temperature. The resonance field of the broad line shifted to lower magnetic fields upon lowering the temperature with the gradient ∆H /∆T = 2 3 G/K, while the narrow line shifted towards higher magnetic fields. The linewidth of the broader line increased with decreasing temperature while for the narrow lines in both samples this change was small. The magnetic iron oxide clusters produce a magnetic field which acts on the free radicals network and its strength depends essentially on the concentration of clusters. The reorientation process in the free radicals network is more intense in the sample without magnetic clusters.
Introduction
Organic networks derived from assemblies of organic molecules, such as the class of covalent layered organic materials resulting from the reaction of cyanuric chloride with bridging 4,4-bipyridine units, promise applications in different areas of high technology [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . It has been suggested that the free radicals could form a correlated spin system at room temperature (RT) [11] . The temperature dependence of EPR/FMR (electron paramagnetic resonance/ferromagnetic resonance) spectra for the network derived from the condensation of cyanuric chloride with 1,4-phenylenediamine has shown that the dynamic spin correlated interaction depends strongly on the presence of a small number of magnetic clusters [12, 13] . Additionally, the magnetic clusters are subjected to greater (over one order of magnitude) internal magnetic fields than the localized magnetic centers. Strong ferromagnetic interaction is observed in the high temperature region which weakens at low temperatures. These magnetic processes are correlated with the competition phenomena resulting from the existence of different magnetic sublattices [14] .
Thus, it would be very interesting to study the influence of different concentrations of magnetic centers (clusters and localized magnetic centers) on the free radicals network. These processes might be very important in living matter where only a few grams of iron ions could form a large number of iron oxide complexes that could interact with the different free radicals appearing in such dynamic systems.
As a continuation of our previous work on the system derived from bridging cyanuric chloride with 1,4-phenylenediamine, we report here the FMR/EPR behavior of two samples. One sample (designated as sample 2) is without iron magnetic clusters, while the other (designated as sample 1) contains additionally a very low number of magnetic ions (iron ions and clusters). Comparisons will be made with previously investigated samples of the same system but containing different concentrations of magnetic clusters.
Experimental
The organic layered network was prepared from the condensation of cyanuric chloride with 1,4-phenylelediamine as described in detail in [11, 12] . Sample 2 (without magnetic clusters) was prepared by oxidation of the organic network with an aqueous solution of ammonium peroxydisulfate. An intense blue solid was formed. It was isolated by centrifucation, washed with 2 × 40 ml of water and air dried. Sample 1 was prepared by oxidation of the network with ferric nitrate as described in [11, 12] . The EPR/FMR spectra were recorded using a standard X-band Bruker E 500 spectrometer ( = 9 45 GHz) with magnetic field modulation of 100 kHz. The measurements were performed in the temperature range 4 to 290 K using an Oxford helium flow cryostat. (1)) with linewidth ∆H = 2 31(2) G at RT. In the low temperature range, EPR lines from isolated high spin iron(III) ions are also visible (inset in Fig. 1a) . The broad FMR line from sample 1 was the most intense at high temperatures and below 150 K was not detectable. In Table 1 the parameters calculated from the magnetic resonance spectra of the narrow line are given. The linewidth is essentially narrowed with decreasing concentration of magnetic centers at low and high temperatures and the ratio of intensities is several times lower. All parameters of magnetic resonance spectra for sample 2 (not containing additional magnetic centers) are smaller. Figure 2 shows the temperature dependence of the magnetic resonance parameters calcu- [9] lated from the narrow lines in both samples: resonance field H , peak-to-peak linewidth ∆H , integrated intensity (I ), and reciprocal of integrated intensity (I −1 ) for both samples. The EPR integrated intensity, defined as I = A 0 · ∆H 2 , where A 0 is the signal amplitude, is proportional to the magnetic susceptibility of the spin system. Temperature dependence of the FMR parameters for the broad line in sample 1 (resonance field (H ), linewidth (∆H ), signal amplitude (A )) is presented in Fig. 3 . The resonance field shifts to higher magnetic fields with decreasing temperature for both narrow resonance lines while an opposite effect is observed for the broad resonance line in sample 1. The values of the temperature gradients of the resonance field shift (∆H /∆T ) for narrow resonance lines at low temperatures are shown in Table  1 . It can be noted that the values for sample 2 (without additional magnetic centers) are the smallest. It is also evident that the value of the (∆H /∆T ) gradient decreases with increasing concentration of magnetic agglomerates. Thus, the reorientation processes of the localized magnetic centers essentially depend on the concentration of the magnetic centers. Figure 2b presents the temperature dependence of the linewidths for both samples. The values of the linewidth at RT and 4 K, as a function of the concentration of additional magnetic centers are presented in Table 1 . The absolute values of linewidth differences between high and low temperature are 3.32 G and 3.03 G for samples 1 and 2, respectively. For samples with a higher concentration of magnetic centers (samples 3 and 4) this difference is about two times greater ( Table  1 ). The temperature dependence of the resonance field H and linewidth ∆H of the broad resonance line are very similar to those reported for other nanoparticle systems in that H decreases (g-factor increases) and ∆H increases with a decrease in temperature. The resonance field shifts towards low magnetic fields with the gradient ∆H /∆T = 2 3(2) G/K which is slightly greater than observed for samples with a greater concentration of mag- ).
Results and discussion
netic nanoparticles [12, 13] . The broadening of the narrow resonance lines is more noticeable at higher temperatures for samples with magnetic agglomerates and mainly depends on their concentrations. The integrated intensity of the narrow resonance lines in both samples increases with decreasing temperature (Fig. 2c) . Table 1 presents the ratio of intensities at high and low temperatures for a series of samples with different concentrations of magnetic nanoparticles. The value of the ratio is smallest for the sample without additional magnetic centers and increases with increasing concentration of additional magnetic clusters. Figure 3d shows the reciprocal of the integrated intensity for the narrow line for both samples. In the low temperature range a Curie-Weiss type of behavior is registered. The positive sign of the Curie-Weiss temperature indicates the existence of ferromagnetic interactions. The value of this parameter decreases with decreasing concentration of magnetic agglomerates (Table 1) . A very strange behavior for the intensity of sample 1 is observed in the high temperature range (Fig. 3d) . At ∼ 200 K a change in the type of magnetic interaction (ferromagnetic/antiferromagnetic) is observed, and is probably connected with competition of different interactions. To understand the different temperature ranges of relaxation processes responsible for the linewidth of the broad line in sample 1, a double logarithmic plot of the linewidth ∆H versus the shift of resonance field H = H (T ) − H (∞) has been constructed (see Fig. 4 ). H (∞) is the resonance field in the limit of very high temperature. Any detectable changes of the slope in this type of figure should be a sign of relaxation type variation in the samples. Closer examination of Fig. 4 reveals the existence of two temperature ranges. The limiting temperature is 210 K, separating the intermediate from the high temperature ranges. This temperature coincides roughly with the change in the dominating interaction type seen already in the temperature dependence of the reciprocal integrated intensity. Small concentrations of magnetic nanoparticles embedded in a non-magnetic matrix could generate an essential internal magnetic field that might change the resonance condition: Î· = µ B (H 0 + H ), where -Planck constant, Î·-microwave frequency, µ B -Bohr magneton, H -applied external magnetic field and H -internal magnetic field).
The dipole-dipole magnetic interaction between agglomerates and localized magnetic centers could essentially influence the reorientation processes and a large number of spins could be subjected to an average magnetic field of very low value [15] . This behavior is very important for magnetic processes in carbons, especially for multiwall carbon nanotubes [16, 17] . From the above study it is seen that large-size magnetic clusters (agglomerates) at low concentration have an essential influence on all magnetic resonance parameters. The broadening of the resonance line suggests a strong dipole-dipole interaction which could have an influence on the intensity of the magnetic resonance spectra. The observed decrease in the Curie-Weiss temperature with decreasing concentration of additional magnetic centers could be an important parameter for the magnetic characterization of samples containing such centers.
Conclusions
Solids containing a covalent layered network were prepared by the condensation of cyanuric chloridewith bridging para phenylenediamine. The solids, additionally, contained varying concentrations of magnetic centers in the form of agglomerates. The presence of these additional agglomerates had an essential influence on all magnetic resonance parameters ofthe spin network. For sample without magnetic clusters all EPR parameters were weaker. This study demonstrates that even small numbers of magnetic centers greatly influence the correlated magnetic interactions in an extended network of free radicals.
